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ABSTRACT

Device modeling and simulation studies of the CdS/ZnxCd1-xTe thin film solar cell have
been carried out. A variety of graded band gap structures are examined. Incorporation of the
back electron reflector layer to improve the open circuit voltage and carrier collection of the
CdTe solar cell was investigated. Device physics and performance determining parameters for
different band gap profiles were analyzed. Based on the simulation results, an optimal graded
band gap structure for the CdS/ZnxCd1-xTe solar cell is proposed. The performance of optimally
graded band gap cell is superior to that of the uniform bandgap cell.
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CHAPTER 1: INTRODUCTION AND BACKGROUND
CdTe thin film solar cells presently have the lowest module cost in the market (~ 75¢/W),
making them the most desirable thin film technology. However, to achieve the $0.50/W target
price for the PV module, increasing the solar conversion efficiency in CdTe modules from 12%
to 25% is critical. CdTe has an ideal direct bandgap of 1.5 eV, capable of a theoretical maximum
single junction conversion efficiency of 29%. However, laboratory CdTe cell performance has
remained stagnant at 16% to 17% for the last 17 years due the 9.2% lattice mismatch between
CdTe and CdS which causes defects and reduces the open-circuit voltage [1]. Defects trap
carriers and reduce the voltage, fill-factor (FF) and efficiency of CdTe PV modules through the
reduction of the minority carrier lifetime and carrier concentration. Another issue has been the
large work function of p-CdTe which makes it difficult to achieve a stable, low-resistance backcontact. Moreover, spatial non-uniformity of grains in polycrystalline films creates losses [2] and
interdependencies between various device components and this has compelled a predominantly
empirical development of the device [3].
Nevertheless, a base of scientific knowledge spanning several decades contains major
achievements. The 1980’s saw the identification of a stable CdTe/CdS junction. Major
breakthroughs in the 1990’s were; the maximization of the short-circuit current, JSC to 26
mA/cm2 through thinning of the CdS layer and incorporation of a high-resistivity buffer layer;
and development of a CdCl2 treatment that passivated defects to achieve fill-factors of 76%, and
open-circuit voltages of 0.85 V. In the 2000’s, a stable contact to CdTe was developed, and mass
production began. Of these parameters, the open-circuit voltage continues to have the most room
for improvement and is therefore an opportunity[4]. These issues are elaborated in the sections
1

below followed by introduction to an approached proposed by the NanoMaterials Laboratory at
the University of Texas at El Paso to address fundamental barriers to achieve Voc’s greater than
1 V and efficiencies greater than 25%.

1.1 Defects in the CdTe layer
Lattice mismatch, f, in semiconductor bi-layers is well known to cause dislocations and
other defects such as grain boundaries and phase domains. Moreover the density of misfit
dislocations is proportional to the lattice mismatch. In cases where the lattice mismatch is small
(~<2%), metamorphic growth, where the mismatch is accommodated by strain in the epilayer, is
a possibility for films of finite thickness. The strain energy in the epilayer increases linearly with
the thickness of the epilayer, Es ~ h, as long as no dislocations are generated. However since
dislocations relief strain, at some point it will be energetically favorable to generate dislocations.
The particular thickness at which it is energetically favorable to generate dislocations is called
the critical thickness, hc. Accordingly, the critical thickness is approximately inversely
proportional to the lattice mismatch, hc ~ 1/f. However, for the case of the CdS/CdTe bilayer
which has a lattice mismatch of f = 9.2%, the critical thickness is very small (less than a
monolayer) and the dislocation density can be quite high [5]. The large lattice mismatch is a
cause for a high number of dislocations and other defects.
The crystal structure of the substrate and deposition conditions also have a dominant
effect on the growth of the CdTe overlayer. For CdTe solar cells, the usual substrate is
nanocrystalline CdS and the deposition method is typically close-spaced sublimation (CSS). The
nanocrystalline nature of the substrate nucleates a polycrystalline CdTe layer. Moreover the
typically fast growth rates using CSS also tend to yield polycrystalline films. These conditions
result in polycrystalline CdTe growth.
Polycrystalline semiconductors are different than the single crystal semiconductors due to
the presence of grain boundaries [6]. Figure 1 shows many of the defects and related issued
2

encountered in the CSS growth of CdTe on CdS. Grain boundaries promote atomic diffusion and
recombination. Voids can also be a problem since they transport gas and create grain surfaces.
They also introduce a potential barrier that blocks the flow of carriers. Misfit dislocations at the
junction interface promote carrier recombination. Finally, linear and point defects within the
grain interior enhance carrier recombination both in the depletion and neutral regions. The
overall effect is that these defects trap or block electrons and holes, reduce the carrier lifetimes
and reduce diffusion lengths.

Figure 1 The CdS/CdTe cell structure showing polycrystallinity and various defects [5]

Within the grain interior, deviations from the perfect single crystal cause profound
changes in electronic and optical properties [7]. Defects disrupt the periodic structure and create
localized electronic states within the band gap, Eg. The types of defects that control the electronic
properties include native defects, chemical impurities, and complexes. States are in the middle of
the band gap (Eg/2) are called the deep states, while states having ionization energy near the
bands refer to as shallow states. For example, cadmium vacancy in the film, VCd, gives rise to the
3

shallow acceptor states. Also, CdTe, which is a cadmium substitution on a tellurium site, creates
the shallow acceptor states. Interstitial cadmium and tellurium produces the shallow donor states
and the deep states, respectively [7].
Among all defects, the deep states generally influence the solar cell efficiency the most
because they act as efficient recombination centers for the electrons and holes and act to lower
the Voc. Assuming current is controlled by space-charge recombination, Voc is given by Sites as
[8],
/

/

/

,

where Vr is the recombination velocity, Eg = 1.5 eV, Nv = 1.8×1019 cm-3, p ≈ 1015 cm-3, and JL =
26 mA/cm2. In order to increase the Voc from 0.85 V to 1.0 V, a recombination velocity of Vr =
104 cm/s is required. This represents a need to reduce the recombination velocity (and therefore
defect density) by two orders of magnitude compared to existing record devices (Vr ≈ 106 cm/s).

1.2 Back Contact:
Another major problem has been the lack of a stable contact to CdTe. The CdTe is a ptype semiconductor with high electron affinity (χ = 3.9 eV) and bandgap of 1.5 eV. To make a
good Ohmic contact to the p-CdTe, a metal with high work function (φm > ~5.4 eV) is required.
Many metals [Table 1] do not have sufficient high work function and therefore form a Schottkybarrier with the CdTe in Figure 2. If the work function is not sufficiently large, a potential barrier
is formed by the bending of the valence band in the CdTe that blocks hole transport into the
contact and significantly affects the current-voltage characteristics curve of the CdTe solar cell.
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Figure 2 Band diagrams of a p-type semiconductor and a metal with a small work function. (a)
separated and (b) in intimate contact forming a schottky barrier. [15]

Table 1: Metal work Function φm

Metal
In
Ag
Al
Cr
Sb
Mo
C (graphite)
Cu
Te
Ni
Au
Pd

5

φm (eV)
4.12
4.26
4.28
4.50
4.55
4.60
4.60
4.65
4.95
5.05
5.10
5.12

1.3

Combining Nanopatterning and Alloy Compositional Grading

As mentioned above, analyses of loss mechanisms in production and research CdTe solar
cells show that up to 4% of the losses are attributed to low Voc and FF which in turn are due to
high defect densities at the interface, bulk, surface and grain boundaries.[8] Therefore it is
critical that research focus on reducing defects because they are fundamental to Voc. Although
many defect reducing technologies have been developed in the last few decades in
heteroepitaxial systems, they have not been exploited in thin-film solar cells. These include
graded buffer layers, lateral epitaxial overgrowth, strained-layer epitaxy, and nanoheteroepitaxy.
The main impediments to implementing these technologies in the past have been the inherent
nonuniformity of thin-films and the lack of versatile deposition equipment and simulation. The
NanoMaterials Laboratory at UTEP has worked on a project that focuses on defect reduction to
increase the Voc to >1V and the FF to >78%, and therefore achieve 25% efficiency (assuming a
current density of 26 mA/cm2).
The idea of the project is to combine nanopatterned crystal growth [9] and alloy
compositional grading [10] (with concomitant lattice parameter and energy band gap grading) to
reduce the defect density and dramatically improve spatial uniformity of ZnxCd(1-x)Te/CdS cells
as shown schematically in Figure 3. [11] The lattice mismatch between ZnTe and CdS is 3.9%
compared to a much larger 9.2% between CdTe and CdS. Importantly, when crystal growth is
contained to the nanoscale, the strain in each layer is reduced by a factor of two due to strain
partitioning and 3D strain relief mechanisms that come into play. [12] This reduces the strain in
the ZnTe from 3.9% to 1.95% which is within the range of metamorphic crystal growth. Creating
a graded layer of the ZnxCd1-xTe in between the CdS and the CdTe will gradually change the
lattice constant and therefore lattice mismatch allowing the ZnxCd1-xTe layer to act as a graded
buffer layer [13].
The energy band gap of ZnxCd(1-x)Te is also graded concomitantly with alloy composition
allowing an additional avenue for increased efficiency due to localization of absorption and
directed electric fields and possibly increase in Voc [14]. Figure 4 shows an energy band diagram
6

incorporating graded ZnxCd(1-x)Te layers at the front and back of the device. ZnTe has an energy
band gap of 2.3 eV.

Figure 3: introduction of the ZnxCd1-xTe in between the CdS and the CdTe

Figure 4: Energy band diagram of a graded ZnCdTe/CdS solar cell.
At the back of the device, ZnCdTe can serve a good electrical contact by simultaneously
establishing a back-surface field for electrons and creating a tunneling junction for holes. The
back-surface field is an electron reflector created by the increase in both the band gap and doping
7

of the ZnCdTe inserted between the CdTe absorber layer and the metal contact [15]. Due to the
Fermi level alignment and conduction band offset, the conduction band will bend upwards and
create a barrier for electrons as shown in Figure 4. The increase in the conduction band creates a
barrier to electrons and reflects them back in the direction of the main heterojunction. [15]
Because the ZnCdTe is also heavily doped, the width of the depletion region between the
ZnCdTe and the metal is greatly reduced which allows tunneling of holes [16]. The ZnTe or the
CdZnTe should be a good material for the electron-reflector layer since the valence-band offset
at the CdTe/ZnTe or the CdTe/CdZnTe interface is negligible [15]. Preliminary experimental
evidence has in fact shown that the CdTe solar cell with the ZnTe back layer improves the
performance [17].

1.4

Contribution of this thesis

Numerical modeling through a solar cell simulator helps us to understand device physics
and learn the device response to a given environment. In this work the wx-AMPS [18] solar cell
simulator is used to model the CdS/ZnxCd1-xTe thin film solar cell. A goal of the device
simulation was to search parameter space for band gap and doping profiles of ZnxCd(1-x)Te/CdS
that yielded Voc ≥ 1 V and η ≥ 25%.
The beginning point of this work was to reproduce the baseline CdS/CdTe solar cell
results reported by J.R. Sites [Error! Bookmark not defined.]. Later the ZnxCd1-xTe alloy was
inserted in the baseline model [Error! Bookmark not defined.] to create the CdS/ZnxCd1-xTe
solar cell structure. The input parameter values used for the ZnxCd1-xTe layer were based on
experimental data, theory and reasonable assumption. Only the compositional grading and not
the nanopatterning aspect of the NanoMIL project was simulated in this thesis. However,
concepts related to defect reduction through combing nanopatterning with compositional grading
were incorporated into some of the assumptions on defect density.
8

All of these ideas were investigated through creating different structures in the wx-AMPS
solar cell simulator. Through simulation it has been shown that reducing defects with the high
quality absorber layer and the front interface grading improves the efficiency of the solar cell.
Also simulation results shows that the use of the back electron reflector layer yield additional
improvement in efficiency.

9

CHAPTER 2: WX AMPS 1D SIMULATOR
2.1

Software Description

The wxAMPS solar cell simulator is an advanced version of the renowned solar cell
simulation tool AMPS (Analysis of Microelectronic and Photonic Structures) [18]. The AMPS1D program was developed by Dr. Fonash’s group of Pennsylvania State University. It was
particularly well specialized in simulating the polycrystalline solar cell with large number of
defects. But the software allows limited number of layers to create any device structure and entry
of parameters for each layer was a tiresome task. Furthermore, the AMPS does not takes into
account of the tunneling which is very significant for the CdTe solar cell due to the back contact
barrier. In the wxAMPS users can create unlimited number of layers to simulate any device
structure. A new graphical user interface allows faster data entry and improved visualization of
results for analysis.
There are two tunneling models in the wxAMPS. They are the trap-assisted and the intraband tunneling. The trap-assisted tunneling model is effective for the tandem solar cell because
of the high electric fields exist at the junctions. The intra-band tunneling model is more
appropriate for the heterojunction solar cells [18].

2.2

Methods

In the wxAMPS, users have to follow three steps to run a simulation. 1st step is to provide
information for ambient section [Figure 5]. In this section, user has to enter information about
operational environment, the solar spectrum, the bias voltage and the front and the back contact.
Operators are allowed to create input files for bias voltage, solar spectrum or they can use built in
input files that comes with the software.

10

2nd step is to create layers of the device in the material section of the software. Next user
has to include electrical, optical and defect information of each layer. For example, optical
property like the absorption coefficient for layers can be loaded from the external data files.
Unlike the AMPS, the wxAMPS allows user to simulate the device structure with any number of
wavelength. Each layer and device structure created by the user can be saved and loaded by the
user.

Figure 5 The wx-AMPS simulation software

3rd step is to set the tunneling mode, the iteration time limit, the converging precision, and
the clamping range in settings section based on structure of the device. Finally, the case is ready
for simulation and user has to click on run button to start simulation. After simulation is done
outputs are returned for analysis to results section.
In the result section users can see IV curve, band diagram, generation, recombination,
electric field current, and lifetime and quantum efficiency information of the device structure.
11

Results can be exported to a excel file very easily for further analysis and plotting. User can
move, zoom and select an area of the graph.

12

CHAPTER 3: SIMULATION RESULTS
In this chapter simulation results for different solar cell structures are presented, observed
and discussed. Four structures were simulated, the baseline CdS/CdTe, the CdS/ZnTe/CdTe, the
front interface grading and the front interface grading with the back electron reflector layer.

3.1

Baseline CdS/CdTe solar cells

3.1.1 Structure
One of the objectives of this work was to reproduce the work reported by J R Sites [19].
The structure is mentioned as the baseline because it includes basic layers needed for the
CdS/CdTe solar cell and the results were used to validate the simulations results. A second
objective was to observe the effect of defect density in the CdTe layer on the J-V characteristic
of the device. Only the absorber layer defect density was varied without changing other
parameters of the baseline case [Error! Bookmark not defined.] The structure of the device is
shown in Figure 6. It consists of a front contact, 500 nm of SnO2, 25 nm of CdS, 4000 nm of
CdTe and a back-contact.

Figure 6 shows structure of baseline CdS/CdTe structure.
13

3.1.2 Simulation Parameters
Table 2 shows parameters used for simulating baseline CdS/CdTe solar cell. The data is
divided into three sections; general device properties, layer properties, and Gaussian (midgap)
defect state data.
Table 2 Baseline CdS/CdTe solar cell parameters [Error! Bookmark not defined.]
General Device Properties

Front

Back

PHIB[eV]

.1

1.1

Surface recombination electrons[cm/s]

1e7

1e7

Surface recombination holes[cm/s]

1e7

1e7

Reflectivity

.1

.8

Layer Properties
SnO2
Width[nm]
Dielectric constant
Electron mobility[cm2/Vs]
Hole mobility[cm2/Vs]
Carrier density[cm-3]
Bandgap[eV]
Effective dens. NC[cm-3]
Effective dens. NV[cm-3]
Electron affinity[eV]

CdS

CdTe

500
25
9
10
100
100
25
25
n:1e17
n:1e17
3.6
2.4
2.2e18
2.2e18
1.8e19
1.8e19
4
4
Gaussian (midgap) Defect States

4000
9.4
320
40
2e14
1.5
8e17
1.8e19
3.9

SnO2

CdS

CdTe

Defect density[cm-3]

D:1e15

A:1e18

D:2e14

Peak energy[eV]

midgap

midgap

midgap

Standard deviation[eV]

.1

.1

.1

Cross-section elect.[ cm2]

1e-12

1e-17

1e-12

14

Cross-section holes[cm2]

3.1.3

1e-15

1e-12

1e-15

Simulated Band Diagram

Figure 7 and Figure 8 show the baseline CdS/CdTe solar cell energy band diagrams in thermal
equilibrium, and stimulate with AM1.5 light, respectively. The energy diagrams were obtained
from the Wx-AMPS solar cell simulator, using parameters from Table 2. In thermal equilibrium
(Figure 7), the bending of conduction band is in the entire CdTe absorber layer because of the
much lower concentration of carrier (2e14 cm-3) in the p-CdTe compared to the n-CdS( 1e17 cm3

). When the device is under illumination (Figure 8), there are more carriers generated in the

absorber layer (p-CdTe) due to photon absorption, as a result there is less band bending. And as
expected, the quasi-Fermi levels for electrons and holes are separated.

Figure 7 Band Diagram of Baseline CdTe solar cell in thermal equilibrium

15

Figure 8 Band Diagram of Baseline CdTe solar cell with light

3.1.4 Simulated JV Characteristic Curve
The J-V characteristic curve of the baseline CdS/CdTe solar cell is also obtained from the
Wx-AMPS solar cell simulator, using the parameters from Table 2. In Figure 9, the solid line
shows the J-V curve using a defect density of 2e14 cm-3 which reproduced the results by Sites
(baseline). In order to see the effect of the defect density, J-V characteristics were sequentially
plotted using the following defect densities; 2e12 cm-3, 2e10 cm-3, and 2e8 cm-3.

16

Figure 9 JV curve of Baseline CdTe solar cell with different defect density in CdTe

3.1.5 Summary of Results
Table 3 summarizes results with changing absorber layer defect density. The 1st row of
Table 3 contains results of the baseline CdTe solar cell. Consecutive rows show results with
decreasing defect density.

Table 3 Summary of Results of Baseline CdTe solar cell
Defect Density of
CdTe Layer
2e14 cm-3

Jsc
(mA/cm-2)
24.6

Voc (V)

FF (%)

.87

76

Efficiency
(%)
16.4

2e12 cm-3

24.6

.87

85.81

18.4

2e10 cm-3

24.6

.87

86

18.4

2e8 cm-3

24.6

.87

86

18.4

3.1.6 Discussion
The purpose of these set of simulations was to examine the effect of absorber layer defect
density on the solar cell performance. Table 3 shows solar cell performance determining
parameters with different defect density in absorber layer (CdTe). Reduction of the defect
density of CdTe from 2e14 cm-3 to 2e12 cm-3 increases efficiency from 16.4% to 18.4%.
Decreasing more defects in the absorber layer does not show any further improvement in
efficiency and it almost became constant. Also, with decreasing defect density, the fill factor
increases from 76% to 85.81% [Table 3]. Isc and Voc did not show any dependence on absorber
layer defect density.

3.2

Introduction of Zn barrier between CdS and CdTe
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3.2.1 Structure
The CdS/ZnTe heterostructure has a 4% lattice mismatch which is less than that for
CdS/CdTe (9.2%). To reduce the lattice mismatch in the CdS/CdTe heterojunction, ZnTe is
introduced in between CdS and CdTe. The structure is shown in Figure 10. Four layers were
used for this device: n-SnO2, transparent conducting oxide (TCO), n-CdS window, p-ZnTe and
p-CdTe absorber. The objective of this simulation was to observe solar cell performance with
ZnTe layer in the front interface. In this structure, a 60 nm ZnTe layer was introduced in between
the CdS and CdTe. All the other layers were same as the baseline CdS/CdTe structure [Error!
Bookmark not defined.].

Figure 10 CdS/ZnTe/CdTe solar cell structure

3.2.2 Simulation Parameters
The baseline CdS/CdTe parameters are still applied to this structure with inclusion of
ZnTe parameter listed in Table 4. The defect states value for CdTe from Table 2 were applied to
the ZnTe.
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Table 4 ZnTe parameters [16]
Layer Properties

ZnTe

Width[nm]
Dielectric constant
Electron mobility[cm2/Vs]
Hole mobility[cm2/Vs]
Carrier density[cm-3]
Bandgap[eV]
Effective dens. NC[cm-3]
Effective dens. NV[cm-3]
Electron affinity[eV]

40
9.67
330
80
p:2e14
2.26
1e15
1e16
3.5

3.2.3 Simulated Band Diagram
Figure 11 and Figure 13 show the band diagram of CdS/ZnTe/CdTe solar cell structure in
thermal equilibrium, and under illumination, respectively. Figure 11 shows the barrier created by
the 60 nm ZnTe layer in thermal equilibrium. The conduction band offsets between CdS/ZnTe
and between ZnTe/CdTe create a conduction band barrier for electrons as shown in Figure 11.
In other to study the effect of conduction band barrier on the solar cell performance, the
electron affinity of ZnTe was modified. Figure 12 shows the band diagram of same structure but
now with the ZnTe electron affinity set to 3.9 eV instead of 3.5 eV. Because of the changed
electron affinity value of ZnTe, now there is only 0.1 eV (dotted line) conduction band offset
between CdS and ZnTe and no conduction band offset between CdTe and ZnTe (dotted line).
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Figure 11 Band diagram of CdS/ZnTe/CdTe solar cell structure in thermal equilibrium

Figure 12 Band diagram of CdS/ZnTe/CdTe solar cell structure in thermal equilibrium
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Figure 13 Band diagram of CdS/ZnTe/CdTe solar cell structure with light

3.2.4 Simulated JV Characteristic Curve
Figure 14 shows the J-V curve of the CdS/ZnTe/CdTe solar cell structure. The curve with
a very low short-circuit current and FF is with ZnTe electron affinity of 3.5, which creates a
conduction band barrier for electrons. The other JV curve which has a higher short-circuit
current and FF is with the ZnTe electron affinity set to 3.9, which eliminates the conduction band
barrier.
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Figure 14 JV curve of CdS/ZnTe/CdTe solar cell structure

3.2.5 Summary of Results
Table 5 shows summary of results of CdS/ZnTe/CdTe structure.

Table 5 Summary of Results of CdS/ZnTe/ CdTe solar cell
Jsc
(mA/cm-2)

Voc (V)

FF (%)

Efficiency
(%)

Unaltered ZnTe
Parameters [Table 4]

1.08

1.76

8.7

.17

ZnTe electron affinity
change from 3.5 to 3.9

19.41

.86

75.39

12.58
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3.2.6 Discussion
In these set of simulations, it was observed that introducing ZnTe layer in front interface
has a negative effect on cell performance. Table 5 shows that the structure gives a very high Voc,
but Jsc and FF are significantly low. The conduction band barrier [Figure 11] in the front
interface is the reason for the poor Jsc and FF. It blocks electron transport. The reason of the
barrier is electron affinity difference between CdS (χ = 4 eV), ZnTe(χ = 3.5) and CdTe(χ = 3.9).
The offset between CdS and ZnTe interface is .5 eV. Offset between ZnTe and CdTe interface is
.4 eV.

3.3

Front interface grading

From previous simulation results it has been observed that introducing a ZnTe layer
creates a barrier in the CdS/CdTe heterojunction and degrades the cell performance. Therefore, a
ZnxCd1-xTe alloy compositional grading was introduced between CdS and CdTe to investigate
the performance of the CdS/ZnxCd1-xTe solar cell.

3.3.1 Structure
The device consists of four layers: a n-SnO2 transparent conducting oxide (TCO), an nCdS window, a p- ZnxCd1-xTe, and a p-CdTe absorber layer. Figure 15 shows 6 different pZnxCd1-xTe front gradings. The goal was to find out which alloy composition grading gave the
best efficiency. In each structure, the grading starts with a high concentration of Zn (high x
value) which gradually decreases to pure CdTe (zero x value). The front grading of all six
structures contains 5 layers. Each layer is 40nm thick and the total front grading thickness is
200nm.
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Figure 15 Different Front Graded solar cell structure
Figure 16 shows an expanded front graded model for structure 1 in Figure 15. For
example, in structure 1 the grading starts with 40 nm layer of p- Zn1Cd0Te (100% Zn) and ends
with p- Zn0Cd1Te.
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Figure 16 Expanded Front Graded Model for Structure 1 in Figure 15

3.3.2 Simulation Parameters
The wx-AMPS solar cell simulator needs input parameters of the ZnxCd1-xTe layers to
create the CdS/ ZnxCd1-xTe solar cell structure [Figure 16]. The values were chosen based on
experimental data, theory and reasonable estimates. The anticipated changes in the electronic
properties of the ZnxCd1-xTe film with variation of x include an increase in the band-gap, as well
as changes in the absorption coefficients, the density of states, the electron and hole mobility’s
and the electron affinities [20,21]. The following sections explain the effect of alloy composition
grading on these electronic properties.

3.3.2.1

Bandgap and Electron Affinity

Bandgap and electron affinity are two properties that will vary with alloy composition.
The bandgap variation of the ZnxCd1-xTe alloy as a function of composition, x, is given by Eg =
1.51+.45x+.31x2 [20]. As x in the ZnxCd1-xTe alloy composition varies from 1 to 0, it changes
from ZnTe to CdTe. Electron affinity calculation was based on this information. As a result, the
electron affinity starts with the value for ZnTe (χ = 3.5 eV), then increases and ends with the
electron affinity of pure CdTe (χ = 3.9 eV).
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Table 6 shows the bandgap and the electron affinity values based on alloy composition.

Table 6 The bandgap and the electron affinity calculation based on alloy composition

3.3.2.2

X
1

Front Grading
ZnxCd1-xTe
Zn1Cd0Te

Bandgap
Eg = 1.51+.45x+.31x2
2.26

Electron
Affinity
3.5

.8
.6

Zn.8Cd0.2Te
Zn0.6Cd0.4Te

2.06
1.89

3.58
3.66

.5
.4
.3
.2
.1

Zn0.5Cd0.5Te
Zn0.4Cd0.6Te
Zn0.3Cd0.7Te
Zn0.2Cd0.8Te
Zn0.1Cd0.9Te

1.81
1.74
1.67
1.61
1.56

3.7
3.74
3.78
3.82
3.86

Absorption Coefficient

The ZnxCd1-xTe alloy is a direct bandgap semiconductor [21]. For this alloy composition
with varying x the bandgap also varies [Figure 17].
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Figure 17 Bandgap varies with varying x in the ZnxCd1-xTe
In a direct bandgap semiconductor where the bandgap varies as a function of position the
absorption rate can be calculated in a similar manner as for single band-gap materials with an
effective absorption coefficient αeff of the form [21],
αeff = 0

for

0 < hν < Egmin

αeff = (2/3)* αgmin(hv – Egmin)/(Egmax – Egmin)

αeff = αgmin

for

Egmin< hν < (3/2)*(Egmax - Egmin)+ Egmin

for

(3/2)*(Egmax - Egmin) + Egmin<hν

where αgmin= A (hν- Eg)

1/2

when Egmin< hν, A≈ [(2* me *mh/( me + mh ))3/2q2]/[nch2 mh] is a

constant which depends upon the effective masses of electrons and holes in the conduction and
valence bands [2110], me is the effective mass of electron, mh is the effective mass of hole, n is
the index of refraction, h is Plank’s constant, and q is the electron charge. Figure 18 shows the
calculated absorption coefficient for different alloy composition.
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Figure 18 Absorption Coefficient for the ZnxCd1-xTe

3.3.2.3

Density of States and Mobility
The density of states and the mobility of the carriers vary with varying alloy

composition. As x in the ZnxCd1-xTe alloy composition varies from 1 to 0, it changes from ZnTe
to CdTe. The density of states and the mobility calculation was based on this information. The
values of those parameters start with the ZnTe and end with the CdTe. Table 7 shows the
density of states and the mobility values based on alloy composition.
Baseline CdTe case parameters are still applied to this structure with the inclusion of the
ZnxCd1-xTe parameters listed in Table 7. Due to lack of experimental information about defect
states in ZnxCd1-xTe, the information in Table 2 for CdTe is used for the graded layers.
Defect density also reduced in each layer from 2e14 to2e10 cm-3 with distance away from
junction. As discussed in section 1.3, in a heterojunction, dislocations due to lattice mismatch
reduce with increasing distance from the junction. The density of states, electron affinity,
electron and hole mobility also change from ZnTe to CdTe as x in ZnxCd1-xTe goes from 1 to 0.
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The purpose of these set of simulations was to observe only the effect of front grading. The
doping in the graded layers was kept constant.

Table 7 ZnxCd1-xTe parameters
Layer Properties
Width[nm]
Dielectric constant
Electron
mobility[cm2/Vs]
Hole
mobility[cm2/Vs]
Carrier density[cm-3]
Bandgap[eV]
Effective dens.
NC[cm-3]
Effective dens.
NV[cm-3]
Electron affinity[eV]

Zn1Cd0Te

Zn0.8Cd0.2Te

Zn0.6Cd0.4Te

Zn0.4Cd0.6Te

Zn0.2Cd0.8Te

40
9.67
330

40
9.67
330

40
9.67
330

40
9.67
320

40
9.67
320

80

80

80

40

40

p:2e14
2.26
1e15

p:2e14
2
5e16

p:2e14
1.89
1e17

p:2e14
1.74
5e17

p:2e14
1.61
8e17

1e16

5e17

1e18

8e18

1e19

3.5

3.58

3.66

3.74

3.82

Gaussian Defect States for ZnxCd1-xTe:
The front grading for every structure contains 5 layers. As explained before, dislocation
density decreases with increasing distance from heterojunction [13]. In these set of simulations,
the defect density was intentionally decreased in the graded layer with distance away from the
junction. CdTe defect values [Table 2] were used for ZnxCd1-xTe graded layers. Table 8 shows
defect density information for ZnxCd1-xTe.

Table 8 ZnxCd1-xTe Gaussian Defect States
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3.3.3

Gaussian (midgap) Defect States
Defect density[cm-3]

ZnxCd1-xTe
D : 2e14-2e10 (Decrease as
graded layers are away
from the junction)

Peak energy[eV]

Midgap

Standard deviation[eV]

.1

Cross-section elect.[ cm2]

1e-12

Cross-section holes[cm2]

1e-15

Simulated Band Diagram
Figure 19 shows the band diagram of the six different front graded structures. As x
increases, the percentage of Zn also increases in the ZnxCd1-xTe alloy composition. The doping
concentration is constant in 5 graded layers and the CdTe absorber layer. For all structures,
conduction band offset in the CdS/ ZnxCd1-xTe interface is visible in Figure 19. As the structures
changes from structure-1(100% Zn) to structure-6 (30% Zn), the conduction band offset in CdS/
ZnxCd1-xTe interface also decreases as follows; 0.5 eV, .42 eV, .34 eV, .3 eV, .26 eV, .22 eV.
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Figure 19 Band Diagram of Different Front Graded solar cell
Figure 20 shows band diagram for 6 front graded structures with light. As expected there
is less band bending in CdTe because of generation of carriers due to light.
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Figure 20 Band Diagram of Different Front Graded solar cell with light

3.3.4 Simulated J-V Characteristic Curve
Figure 21 shows the J-V curve for structure 1 for several defect densities in the CdTe
absorber layer. Structure 1(100% Zn) has the highest conduction band offset between CdS and
ZnxCd1-xTe. The J-V curve for this structure shows a huge reduction in the FF and a large kink.
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Figure 21 JV curve of Structure 1(Front Grading Zn1Cd0Te (100% Zn) - Zn0Cd1Te (0%Zn))
Figure 22 shows the J-V curve for structure 2 for several defect densities in CdTe
absorber layer. Structure 2 has less conduction band offset [Figure 19] than structure 1 between
CdS and ZnxCd1-xTe. The J-V curve for this structure also shows a huge reduction in the FF and
a visible kink in the J-V curve.
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Figure 22 JV curve of Structure 2(Front Grading Zn.8Cd0.2Te (80% Zn) - Zn0Cd1Te (0%) Zn)
Figure 23 shows the J-V curve for all structures with defect density of 2e12 cm-3 in CdTe
absorber layer. As the structures change from structure 1(100% Zn) to structure 6 (30% Zn), the
fill factor improves and there is less kinking in the J-V curve. With 30% Zn the J-V curve looks
similar to ideal diode characteristic curve.
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Figure 23 JV curve of Front Graded solar cell with different structures with CdTe Defect Density
2e12 cm-3.

3.3.5 Summary of Results
Observations from the baseline CdS/CdTe structure are that the performance of the cell
does not improve after decreasing a certain amount of defect in absorber layer. Efficiency
becomes constant after decreasing absorber layer defect density from 2e14 cm-3 – 2e12 cm-3.
Due to this, it is important to concentrate on the performance of the cell with an absorber layer
defect density of 2e12 cm-3. Table 9 summarizes results for all structures with 2e12 cm-3
absorber layer defect density. This section also includes results of all structures with different
absorber layer defect density.
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Table 9 Front graded cell performance determining parameters with absorber layer (CdTe)
Defect Density 2e12 cm-3.
Front Grading

Isc(mA/cm-2)

Voc(V)

FF

Efficiency (%)

Structure 1
Zn1Cd0Te- Zn0Cd1Te
(2.26-1.5 eV)
Structure 2
Zn.8Cd0.2Te- Zn0Cd1Te
(2-1.5 eV)
Structure 3
Zn0.6Cd0.4Te- Zn0Cd1Te
(1.89-1.5 eV)
Structure 4
Zn0.5Cd0.5Te- Zn0Cd1Te
(1.81-1.5 eV)
Structure 5
Zn0.3Cd0.7Te- Zn0Cd1Te
(1.74-1.5 eV)
Structure 6
Zn0.3Cd0.8Te- Zn0Cd1Te
(1.67-1.5 eV)

24.18

1.61

23.94

9.3

24.23

.89

59.37

12.92

24.23

.89

70

15.1

24.22

.89

74.73

16.11

24.22

.89

78.72

16.92

24.22

.87

82.26

17.57

Figure 24 shows the short -circuit current for all structures with different defect density in
CdTe absorebr layer. The defect density in the CdTe was varied from 2e14 to 2e10 cm-3. The
short-circuit current does not show any dependence either on different graded structures or on
different defect density.
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Figure 24 Jsc Vs front grading alloy composition (Znx Cd1-xTe) with different Absorber layer
(CdTe) Defect Density.
Figure 25 shows the open-circuit voltage with respect to the front grading alloy
composition with varying defect density in the absorber layer. With 30% (structure-6) to 80%
(structure-2) Zn in the front interface keeps the Voc in a range of .86-.89V. With 100% Zn
(structure-1) open circuit voltage goes up to 1.6V.
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Figure 25. Voc with respect to front grading alloy composition(Znx Cd1-xTe).
Figure 26 shows fill factor with respect to front grading alloy composition with varying
defect density in absorber layer CdTe. Increase in the fill factor has been observed when defect
decreases from 2e14 cm-3 to 2e12 cm-3. Further decreasing the defects does not show any
improvement in fill factor. This observation is comparable with baseline CdS/CdTe solar cell
performance. There is also an increase in fill factor with decreasing amount of Zn in the alloy
composition. Fill factor increased from 20% to 80% as the Zn content decreased from 100% to
30% with 2e12 cm-3 defect density in CdTe.
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Figure 26 FF with respect to front grading alloy composition (Znx Cd1-xTe)
Figure 27 shows the efficiency with respect to the front grading alloy composition with
varying defect density in the absorber layer. Increase in the efficiency has been observed when
the defect decreases from 2e14 cm-3 to 2e12 cm-3. Decreasing defects more does not show any
improvement in efficiency. This observation is comparable with baseline CdS/CdTe solar cell
performance. There is also an increase in efficiency with decreasing amount of Zn in the alloy
composition. efficiency increased from 9.3% to 17.6% as Zn content decreased from 100% to
30% with defect density 2e12cm-3 in CdTe.
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Figure 27 Efficiency with respect to front grading alloy composition (Znx Cd1-xTe)

3.3.6 - Discussion
In this set of simulation the effect of grading in the front interface has been investigated.
It has been observed that using only ZnTe in the front interface creates barrier for the electron
transport which lowers the Jsc, FF and efficiency noticeably. Due to that, instead using ZnTe in
the front interface a graded ZnxCd1-xTe layer is used. Figure 19 shows the band diagram of
different front graded structure at thermal equilibrium. 0.77 eV, .5 eV, .4 eV, .31 eV, .24 eV, .17
eV grading was done in the front interface by varying x in the ZnxCd1-xTe alloy composition for
structure 1, structure 2, structure 3, structure 4, structure 5, structure 6 respectively in a 200nm
distance.
Figure 21, Figure 22 showing JV curve of structure 1 and 2 with different absorber layer
(CdTe) defect density. Both figure shows significant current drop with increasing forward bias as
if those solar cells have bad contact or weak built in electric field which causes low FF. Figure
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23 shows JV curve of all different structures with defect density of 2e12 cm-3 in the CdTe layer.
Among six different model, Structure 3, 4 and 5 shows less bending near Voc[ Figure 23]. It
indicates that lower concentration of Zinc in the front grading gives less kink in the JV curve as
well as provide better performance. Also from Table 9, it is noticeable that all performance
determining parameters are better with less amount of Zn in front grading except Voc. Voc goes
higher with high concentration of Zn. Among all front graded model structure 6 and 7 gives us
16.92 % and 17.57% efficiency which is higher than uniform CdTe solar cell efficiency with
2e12 cm-3 defect density.
Jsc does not have any dependence on the front interface grading or defect density in the
CdTe [Figure 24]. In Figure 25, Voc shows small dependency on front grading and defect
density. It increases with high concentration of Zn in the front interface grading and lower defect
density in CdTe. FF and efficiency increases with less concentration of Zn and less defects in
CdTe layer[Figure 26, Figure 27]. It can be summarized from the simulation results above that
high concentration of Zn in Znx Cd1-xTe layer degrade the solar cell performance. 50%-30% Zn
in the Znx Cd1-xTe layer gives the best efficient CdS/ Znx Cd1-xTe solar cell.

3.4 Front Interface Grading with Electron Reflector Layer in the back
From the previous set of simulation results the performance of the front interface graded
solar cell were observed. In this set of simulations, the effect of electron reflector layer on front
graded solar cell was observed. The specific back contact buffer material chosen for this work is
Zn.1Cd.9Te which is a heavily doped p-type material[22].
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3.4.1 Structure:
Five layers: n-SnO2 transparent conducting oxide (TCO), n-CdS window, p- ZnxCd1-xTe,
p-CdTe absorber and p++ Zn.1Cd.9Te electron reflector layer. Figure 28 shows 6 different pZnxCd1-xTe front graded layer with an addition of back electron reflector layer.

Figure 28 Different Front Graded solar cell structure with back reflector layer

3.4.2 Simulation Parameters
All front graded layer parameters are Still applied to this structure with the inclusion of
back electron reflector layer. Parameters for Zn.1Cd.9Te are listed in Table 10. Due to less
amount of Zn in the Zn.1Cd.9Te layer bandgap, electron affinity, dielectric constant, electron
and hole mobility, carrier density, density of states parameters are same as CdTe[Table 2].
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Table 10 Zn.1Cd.9Te parameters.
Zn0.1Cd0.9Te

Layer Properties
Width[nm]

40

Dielectric constant

9.67

Electron mobility[cm2/Vs]

320

Hole mobility[cm2/Vs]

40

Carrier density[cm-3]

p:1.6 e18[23]

Bandgap[eV]

1.56

Effective dens. NC[cm-3]

8e17

Effective dens. NV[cm-3]

1.8e19

Electron affinity[eV]

3.86

Gaussian Defect States for ZnxCd1-xTe:
CdTe[Table 2] defect values has been used for electron reflector layer Zn.1Cd.9Te.

3.4.3 Simulated Band Diagram
Figure 29 shows the band diagram of front graded structure with back electron reflector
layer in thermal equilibrium. The band bending in the back contact is because of highly doped pZn0.1Cd0.9Te layer. Depletion width and barrier width is reduced due to high doping and
tunneling is expected. Figure 30 shows band diagram of front grading with electron reflector
layer with light.
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Figure 29 Band Diagram of Front Graded solar cell with back electron reflector layer in thermal
equilibrium

Figure 30 Band Diagram of Front Graded solar cell with back electron reflector layer with light
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3.4.4 Simulated JV Characteristic Curve
Figure 31 shows the JV curve for structure-1 with back electron reflector layer with
different defect density in CdTe absorber layer. In comparison with no back electron reflector
layer the fill factor improved from 23% to 35% with a defect density of 2e12 cm-3.

Figure 31 JV curve of Structure 1(Front Grading Zn1Cd0Te (100% Zn) - Zn0Cd1Te (0%Zn)) with
back electron reflector layer.
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Figure 32 shows the JV curve for structure-1 with back electron reflector layer with
different defect density in the CdTe absorber layer. In comparison with no back electron
reflector layer the fill factor improved from 59% to 66% with a defect density of 2e12 cm-3 in the
CdTe absorber layer.

Figure 32 JV curve of Structure 2(Front Grading Zn.8Cd0.2Te (80% Zn) - Zn0Cd1Te (0%) Zn)

Figure 33 shows the JV curve for all structures with back electron reflector layer with
defect density of 2e12 cm-3 in CdTe absorber layer. As the structures changes from structure1(100% Zn) to structure-6(30% Zn) the fill factor improves and there are less kinks in the JV
curve. With 30% Zn, the JV curve looks similar to ideal diode characteristic curve.
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Figure 33 J-V curve of Front Graded solar cell with back electron reflector layer with different
front grading with CdTe Defect Density 2e12 cm-3
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3.4.5 - Summary Of Results: Front grading with back electron reflector layer

Table 11 Front graded cell with absorber layer(CdTe) Defect Density 2e12 cm-3
Front Grading
Structure 1
Zn1Cd0Te- Zn0Cd1Te
(2.26-1.5 ev)
Structure 2
Zn.8Cd0.2Te- Zn0Cd1Te
(2-1.5 ev)
Structure 3
Zn0.6Cd0.4Te- Zn0Cd1Te
(1.89-1.5 ev)
Structure 4
Zn0.5Cd0.5Te- Zn0Cd1Te
(1.81-1.5 ev)
Structure 5
Zn0.4Cd0.7Te- Zn0Cd1Te
(1.74-1.5 ev)
Structure 6
Zn0.3Cd0.8Te- Zn0Cd1Te
(1.67-1.5 ev)

Isc
(mA/cm-2)
24.57

Voc (V)

Efficiency (%)

1.65

FF
35.01

14.24

24.58

1.16

66.68

18.96

24.58

1.15

74.96

21.17

24.58

1.15

78.75

22.19

24.58

1.15

81.91

23.11

24.58

1.14

84.57

23.62
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Table 12 Comparison of solar cell performance determining parameters with and without back
electron reflector(ER) layer
Front Grading

Structure 1
Zn1Cd0TeZn0Cd1Te
(2.26-1.5 eV)
Structure 2
Zn.8Cd0.2TeZn0Cd1Te
(2-1.5 eV)
Structure 3
Zn0.6Cd0.4TeZn0Cd1Te
(1.89-1.5 eV)
Structure 4
Zn0.5Cd0.5TeZn0Cd1Te
(1.81-1.5 eV)
Structure 5
Zn0.3Cd0.7TeZn0Cd1Te
(1.74-1.5 eV)
Structure 6
Zn0.3Cd0.8TeZn0Cd1Te
(1.67-1.5 eV)

Isc(mA/cm-2)

Voc(V)

FF

No back
Electron
reflector
(ER)layer

No
back
ER
layer

With
back
ER
layer

No
back
ER
layer

With
back
ER
layer

No
back
ER
layer

With
back
ER
layer

24.18

With
back
Electron
reflector
(ER)
layer
24.57

1.61

1.65

23.94

35.01

9.3

14.24

24.58

24.58

1.16

1.16

66.68

66.68

18.96

18.96

24.23

24.58

.89

1.15

70

74.96

15.1

21.17

24.22

24.58

.89

1.15

74.73

78.75

16.11

22.19

24.22

24.58

.89

1.15

78.72

81.91

16.92

23.11

24.22

24.58

.87

1.14

82.26

84.57

17.57

23.62
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Efficiency (%)

Figure 34 shows the short circuit current for all structures with back electron reflector
layer with different defect density in CdTe absorebr layer. The defect density in the CdTe were
varied from 2e14 – 2e10 cm-3. The short circuit current did not show any dependence either on
different graded structures or on different defect density.

Figure 34 Jsc Vs front grading alloy composition(Znx Cd1-xTe) with a back electron reflector
layer with different Absorber layer(CdTe) Defect Density

Figure 35 shows the open circuit voltage with respect to front grading alloy composition
with varying defect density in the absorber layer. Unlike structures without electron reflector
layer the open circuit voltage shows dependence on defect density. For all structures open circuit
voltage increases from .9V to 1.16V with decreasing defect density from 2e14- 2e12 cm-3.
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Further decreasing the defect density from 2e12- 2e10 cm-3 does not show any improvement in
Voc.

Figure 35 Voc Vs front grading alloy composition (Znx Cd1-xTe) with a back electron reflector
layer with different Absorber layer (CdTe) Defect Density

Figure 36 shows the fill factor with respect to front grading alloy composition with
varying defect density in absorber layer CdTe. Increase in fill factor was observed when defect
decreases from 2e14 cm-3- 2e10 cm-3. There is also an increase in fill factor with decreasing
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amount of Zn in the alloy composition. The fill factor increased from 35% -84.57% as the Zn
content decreased from 100% - 30% with 2e12 cm-3defect density in CdTe absorber layer.

Figure 36 FF Vs front grading alloy composition (Znx Cd1-xTe) with a back electron reflector
layer with different Absorber layer (CdTe) Defect Density

Figure 37 shows efficiency with respect to front grading alloy composition with back
electron reflector layer with varying defect density in absorber layer CdTe.

Increase in

efficiency has been observed when defect decreases from 2e14 cm-3- 2e10 cm-3. There is also
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an increase in efficiency with decreasing amount of Zn in the alloy composition. The efficiency
increased from 14.24% - 23.62% as the Zn content decreased from 100% - 30% with defect
density 2e12 cm-3in CdTe.

Figure 37 Efficiency Vs front grading alloy composition (Znx Cd1-xTe) with electron reflector
layer with different Absorber layer (CdTe) Defect Density

53

3.4.6 - Discussion
It has been observed from the JV curve of front graded structures in section 3.3 that at
forward bias the current and the Voc drops significantly as if the solar cell structures have very
weak built in electric field. At forward bias, built in electric field is reduced, and it can be
reduced in an amount where the electric field is unable to drive carriers to get collected through
contacts. To solve this problem an electron reflector layer is used with the previous front graded
structure.
An electron reflector layer is a conduction band energy barrier at the back surface of the
solar cell, which can reduce the recombination due to electron flow to the back surface. A
heavily doped 40nm p- Zn0.1Cd0.9Te layer is added between absorber layers (CdTe) and back
contact. The built in electric field at the back surface can drive carriers away from the back
surface to result an effective back surface recombination velocity which is much lower than that
in the absence of the electron reflector layer [15]. Therefore the Voc can potentially be
improved. Also it increases the collection probability generated near the back contact. Such
improvement has been observed experimentally [24,25]. Furthermore a highly doped layer in
the back helps to decrease the valence band barrier width to allow tunneling which helps
transport of holes.
Figure 31 and Figure 32 shows the JV curve of structure-1 and 2 with different absorber
layer defect density. Compare with Figure 21, Figure 22 JV curves of same structures without
the back electron reflector layer, there is huge improvement in the FF. Table 12 shows
performance determining parameters with and without back electron reflector layer with
absorber layer defect density 2e12 cm-3. As expected, with electron reflector layer there is
improvement in the Voc, FF and efficiency. With the CdTe defect density of 2e12 cm-3
Structure-3(front grading Zn0.6Cd0.4Te (1.89 eV) - Zn0Cd1Te (1.5 eV)) gives more than 20%
efficiency. Structure 4, 5 and 6 gives efficiency of 22.19%, 23.11% and 23.62% [Table 12].
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CHAPTER 4: RELATIONSHIP BETWEEN BAND DIAGRAM AND J-V
CHARACTERISTICS
JV curve of the front graded structure without the back electron reflector layer [Figure 38] and
with the back electron reflector layer [Figure 39] shows deviation from the ideal diode like J-V
characteristics curve. JV curves show a visible kink near Voc. In this section the reason of this
deviation is investigated. This type of distortion is often observed in CIGS solar cells and
referred to as the “red kink” effect [26]. The reason of the kink for CIGS solar cell found out to
be the offset in the conduction band between CdS window and CIS absorber layer [26].
Figure 38shows the J-V characteristics curve of only front graded solar cell. It shows that
with higher front grading (grading starts with higher percentage of Zn), the distortions of J-V
curve get worst. Furthermore it is noticeable that kinking in the JV curve almost disappears with
less amount of Zn in the front grading. Structure 4(50% Zn), 5 (40% Zn) and 6 (50% Zn) has less
distortion than structure 1(100% Zn), 2(80% Zn), 3(60% Zn).

Figure 38 JV curve of Only Front Graded solar cell with different front grading with CdTe
Defect Density 2e12 cm-3
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Figure 39, which is the J-V characteristics curve for front graded solar cell structures with
an back electron reflector layer shows similar trend. ZnTe and CdS has electron affinity of 3.5
eVand 4 eV. As alloy composition of the front grading (Znx Cd1-xTe) starts with higher
percentage of Zn, the conduction band offset between CdS and Znx Cd1-xTe also increase as well
as the kink in the JV curves. The conduction band offset between CdS and Znx Cd1-xTe for
Structure 1(front grading 100% Zn- 0% Zn), 2(front grading 80% Zn- 0% Zn), 3(front grading
60% Zn- 0% Zn), 4(front grading 50% Zn- 0% Zn), 5(front grading 40% Zn- 0% Zn), 6(front
grading 30% Zn- 0% Zn) are 0.5, 0.42 , 0.34, 0.3, 0.26 and .22eV which is shown in Figure 40.
So it can be concluded that the kink in JV curve is due to the conduction band offset in the CdS/
Znx Cd1-xTe interface.

Figure 39 JV curve of Front Graded solar cell with back electron reflector layer with different
front grading with CdTe Defect Density 2e12 cm-3
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Figure 40 Band Diagram of Different Front Graded solar cell
To support this explanation, baseline CdS/CdTe structure without any grading is
investigated. Baseline CdS/CdTe model without any grading does not show any deviation from
normal J-V characteristics curve [Figure 9]. Because there is very small conduction band offset
of .1eV between CdS(χCdS =4) and CdTe (χCdTe =3.9)layer. To investigate conduction band offset
affect, intentionally band gap offset is increased in CdS/CdTe interface by decreasing CdTe
electron affinity value[Figure 42]. Figure 41 shows J-V characteristics of baseline CdS/CdTe
solar cell with varying CdTe electron affinity. It shows JV characteristic curve similar to CdS/
Znx Cd1-xTe interface. Higher conduction band offset in CdS/CdTe creates more noticeable kink
in JV curve.
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Figure 41 JV curve of baseline CdS/CdTe solar cell with different electron affinity of CdTe

58

Figure 42 Band Diagram of baseline CdS/CdTe solar cell with different electron affinity of CdTe
at thermal equilibrium.

Figure 42 shows band diagram of CdS/CdTe solar cell with decreasing CdTe electron
affinity. As the electron affinity of CdTe decreases from 3.9-3 eV, conduction band offset
between CdS and CdTe increases from 0.1-1 eV. A conduction band offset of .5 eV between
CdS and CdTe (χCdTe =3.5) shows a clearly visible kink near Voc which is very similar to the front
graded structure.
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J-V curve gets more distorted and causes lower FF as conduction band offset increase. A
similar trend has been seen in the front graded solar cell. Band diagram of CdS/CdTe gives a
little more insight into the reason of sudden reduction of current and fill factor. Figure 42 show
that larger the conduction band offset in the CdS/CdTe interface, less the bending of conduction
band of CdTe, which indicates weaker built in electric field in the interface. As conduction band
offset increases in the CdS/CdTe interface built in electric field also decreases, so the built in
field is not strong enough to drive carriers efficiently to get collected. The impact of conduction
band offset in CdS/ Znx Cd1-xTe interface for front graded structures is similar.
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CHAPTER 5: CONCLUSIONS & FUTURE WORK
Through the use of numerical simulation software Wx-AMPS, performance of different
structures of CdS/ZnCdTe solar cell has been studied. In this research both front and back
interface of the CdTe absorber layer were examined. Also effects of defects in heterojunction
and absorber layer were investigated. To reduce defects in CdS/CdTe heterojunction, band gap
engineering in the front interface has been carried out. Furthermore, back electron reflector layer
has been used to improve front interface graded structure.
In was possible to successfully model a device by introducing ZnxCd1-xTe layer in the
front and back interface with higher efficiency than uniform CdS/CdTe solar cell. The simulation
result shows improvement in Voc, FF and efficiency. Furthermore, results shows that using 40%
- 60% Zn in the front grading alloy composition with back electron reflector layer gives
efficiency of 23.6% - 21%.

Using more Zn in front grading alloy composition degrades

performance of the solar cell.
The J-V characteristic curve of proposed structure shows deviation from ideal diode
model. More than 30% Zn in front interface results a visible kink in the JV curve near Voc. The
conduction band offset between CdS and ZnxCd1-xTe layer in front interface came out as the
main reason of the deviation. When conduction band offset was present more than .3 eV (more
than 30% Zn in the front interface) the kinking in J-V curve was eminent which degrade the FF
and performance of the device.
Future work will be concentrating on optimization of the band-gap grading in the back
interface. Absorber layer grading is another promising field. Furthermore, the deviation of J-V
characteristics curve due to band offset can be investigated further to find a solution.
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